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ABSTRACT 
 
The conventional materials are nowadays not sufficient to cater to the variety of 
uses and exposure to various environments that may take place while they are put into 
use. Hence this leads to the development of composites, which nearly suffice the above 
two conditions. 
 
But they are always prone to detoriation and degradation of properties due to their 
extreme affinity for moisture absorption. Many complex reactions occur at the fiber-
matrix interface due to moisture absorption, but very little information is available 
regarding the deviation in physical and chemical behavior at the interface due to this. The 
present work focuses on the physical changes occurring at the fiber-matrix interface. 
 
In our case, the samples were divided into three parts. One was kept as dry 
sample; the others were hygrothermally aged for 50 hours and 100 hours respectively at 
50o C and 95% humidity. Now a comparative study of all the three samples was done 
near the interface. 
 
The DSC technique was carried out to study the physical changes or deviation of 
the Glass transition temperature of the composite. From the nature of the curve obtained 
from the DSC measurements, we can infer about how the Glass transition temperature 
varies with the heat flow, and how it varies for different samples with different 
hygrothermal treatment. From these data, the changes occurring at the interface can be 
known. 
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1. INTRODUCTION 
 
 
Many of our modern technology require materials with unusual combinations of properties that cannot be 
met by the conventional metal alloys, ceramics and polymeric materials. This is especially true for materials 
that are needed for aerospace, under water and transportation applications. For example aircraft engineers 
are increasingly searching for structural materials that have low densities, are strong, stiff and abrasion and 
impact resistance, and are not easily corroded. This is a rather formidable combination of characteristics.  
A fiber reinforced composite consists of fibers embedded in a matrix, with distinct interfaces between the 
two constituent phases. The fibers are usually of high strength and modulus and serve as the principle load 
carrying members. 
The matrix keeps the fibers in their desired locations, and orientation, separating them from each other to 
protect the fibers from abrasion, and provides a mean of distributing the load and transmitting the load in 
between the fibers, without itself fracturing. 
             The matrix is generally more ductile than the fibers; hence it is the source of composite 
toughness. 
In composites the main causes of failure can be 
(a) Breaking of fibres  
(b) Debonding (separation of fibres &matrix). 
(c) Microcracking of the matrix. 
(d) Delamination 
 
Composites are superior to conventional metals because they have 
(a) High strength to weight ratio  
(b) Good dimensional stability (extremely low coefficient of thermal expansion). 
(c) Good resistance to heat, cold & corrosion. 
(d) Good electrical insulation properties. 
(e) Ease of fabrication 
(f) Relatively low cost.  
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  COMPOSITES 
 
MATERIAL 
FIBERS 
TENSILE 
MODULUS 
 (GPA) 
TENSILE 
STRENGTH
(GPA) 
DENSITY 
(g/c.c) 
SPECIFIC 
MODULUS 
(109 N.m/kg) 
SPECIFIC 
STRENGTH 
(109 N.m/kg) 
E-GLASS 72.4 3.5 2.54 28.5 1.38 
S-GLASS 85.5 4.6 2.48 34.5 1.85 
TYPE-1 
CARBON 
390.0 2.1 1.9 205.0 1.1 
 
TABLE 1.1: COMPOSITES 
 
CONVENTIONAL MATERIALS 
 
 
MATERIAL 
FIBERS 
TENSILE 
MODULUS
 (GPA) 
TENSILE 
STRENGTH
(GPA) 
DENSITY 
(g/c.c) 
SPECIFIC 
MODULUS 
(109 N.m/kg) 
SPECIFIC 
STRENGTH 
(109 N.m/kg) 
STEEL 210 0.34-2.1 7.8 26.9 0.043-0.27 
ALUMINIUM 
ALLOY 
70 0.14-.62 2.7 25.9 0.052-0.23 
GLASS 70 0.7-2.1 2.5 28.0 0.28-0.84 
 
TABLE 1.2: CONVENTIONAL MATERIALS 
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So composites can be used in a wide array of fields as shown:- 
APPLICATIONS 
 
INDUSTRY EXAMPLES COMMENTS 
Aircraft Door, Elevators 20-35% Weight savings.  
Aerospace Space shuttle, space stations Great weight savings. 
Automotive Body frames, engine  
Components. 
High stiffness &  
damage tolerance. 
Chemical Pipes , tanks, pressure vessels Corrosion resistance. 
Construction Structural & decorative panels,
Fuel tanks etc. 
Weight savings, portable. 
 
TABLE 1.3: APPLICATIONS  
 
According to a recent U.S patent granted to a German company, the world will witness it’s first 
Biodegradable composite. 
But composites are not without their share of drawbacks. Their poor impact resistance, inferior hot/wet 
mechanical properties, limited shelf life and high curing shrinkages are always a hindrance. 
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2. Why We Have Taken Up This work? 
 
The basic reason for working on such a topic arises from the fact that composites are vulnerable 
to environmental degradation. A moist environment, coupled with high or low temperature 
conditions is extremely detrimental for composites. 
 There have been several efforts made by researchers in the last few years to establish the 
much needed correlation between the mechanical properties of the material and the moist 
environment or similar hygrothermal conditions, subjected to thermal shocks, spikes, ambient & 
sub ambient temperatures. 
 But most research has been on the mechanical aspects rather than the physical & 
chemical interface and how this brings in change in the internal mechanical properties and 
affects a variety of other morphological changes. 
 The focus of our research has been to understand the physical changes that take place at 
the bonding interface between the fibres and the matrix, as it is of prime importance due to its 
link to the stress transfer, distribution of load, and it also governs the damage accumulation & 
propagation. 
 This has wide significance in aerospace applications, because the aircraft components are 
exposed to harsh moist environment. 
 Hence our project work aims at the characterization of the FRP’S by DSC with special 
emphasis on the changes in the ILSS by a variety of factors, changes in some composite 
characteristic, interface and the matrix which brings about this change   
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3. LITERATURE REVIEW 
 
3.1 COMPOSITES 
A composite is combination of two materials in which one of the materials, called the reinforcing 
phase, is in the form of fibers, sheets, or particles, and is embedded in the other materials called the 
matrix phase. The reinforcing material and the matrix material can be metal, ceramic, or polymer. 
Composites are used because overall properties of the composites are superior to those of the 
individual components. For example: polymer/ceramic composites have a greater modulus than the 
polymer component, but aren't as brittle as ceramics. The following are some of the reasons why 
composites are selected for certain applications: 
 High strength to weight ratio (low density high tensile strength) 
 High creep resistance 
 High tensile strength at elevated temperatures 
 High toughness 
Typically, reinforcing materials are strong with low densities while the matrix is usually a ductile, or tough, 
material. If the composite is designed and fabricated correctly, it combines the strength of the reinforcement 
with the toughness of the matrix to achieve a combination of desirable properties not available in any single 
conventional material. The downside is that such composites are often more expensive than conventional 
materials. Examples of some current application of composites include the diesel piston, brake-shoes and 
pads, tires and the Beech craft aircraft in which 100% of the structural components are composites. 
The strength of the composite depends primarily on the amount, arrangement and type of fiber (or particle) 
reinforcement in the resin. Typically, the higher is the reinforcement content, the greater is the strength. In 
some cases, glass fibers are combined with other fibers, such as carbon or aramid (Kevlar29 and Kevlar49), 
to create a "hybrid" composite that combines the properties of more than one reinforcing material. 
Three types of composites are: 
 Particle-reinforced composites 
 Fiber-reinforced composites 
 Structural composites 
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3.2 FIBER-REINFORCED COMPOSITES: 
Reinforcing fibers can be made of metals, ceramics, glasses, or polymers that have been turned into graphite 
and known as carbon fibers. Fibers increase the modulus of the matrix material. The strong covalent bond 
along the fiber’s length gives them a very high modulus in this direction because to break or extend the fiber 
the bonds must also be broken or moved. Fibers are difficult to process into composites which makes fiber-
reinforced composites relatively expensive. Fiber-reinforced composites are used in some of the most 
advanced, and therefore most expensive, sports equipment, such as a time-trial racing bicycle frame which 
consists of carbon fibers in a thermoset polymer matrix. Body parts of race cars and some automobiles are 
composites made of glass fibers (or fiberglass) in a thermoset matrix.  
                                          
The arrangement or orientation of the fibers relative to one another, the fiber concentration, and the 
distribution all have a significant influence on the strength and other properties of fiber-reinforced 
composites. Applications involving totally multidirectional applied stresses normally use discontinuous 
fibers, which are randomly oriented in the matrix material. Consideration of orientation and fiber length for 
particular composites depends on the level and nature of the applied stress as well as fabrication cost. 
Production rates for short-fiber composites (both aligned and randomly oriented) are rapid, and intricate 
shapes can be formed which are not possible with continuous fiber reinforcement. 
 
3.2.1 TYPES OF FIBERS USED IN FIBER REINFORCED COMPOSITES: 
     1.   Glass fibers 
     2.  Carbon fibers  
     3.   Aramid fibers 
         
      Glass Fibers  
The most common reinforcement for the polymer matrix composites is a glass fiber. Most of the fibers are based 
on silica (SiO2), with addition of oxides of Ca, B, Na, Fe, and Al. The glass fibers are divided into three classes -- 
E-glass, S-glass and C-glass. The E-glass is designated for electrical use and the S-glass for high strength. The C-
glass is for high corrosion resistance, and it is uncommon for civil engineering application. Of the three fibers, the 
E-glass is the most common reinforcement material used in civil structures. It is produced from lime-alumina-
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borosilicate which can be easily obtained from abundance of raw materials like sand.. The glass fiber strength and 
modulus can degrade with increasing temperature. Although the glass material creeps under a sustained load, it 
can be designed to perform satisfactorily. The fiber itself is regarded as an isotropic material and has a lower 
thermal expansion coefficient than that of steel. 
1. E-glass (electrical) 
               Family of glassed with a calcium aluminum borosilicate composition and a maximum alkali 
composition of 2%. These are used when strength and high electrical resistivity are required.  
2. S-glass (tensile strength) 
               Fibers have a magnesium aluminosilicate composition, which demonstrates high strength and used in 
application where very high tensile strength required.  
3. C-glass (chemical) 
             It has a soda lime borosilicate composition that is used for its chemical stability in corrosive environment. 
It is often used on composites that contain or contact acidic materials. 
 
 
Composition of E-Glass       Comparison of properties of Glass Fiber 
 
Constituent Weight percentage 
SiO2 54 
Al203 14 
CaO+MgO 12 
B2O3 10 
Na2O+K2O Less than 2 
Impurities Traces 
 
TABLE 3.1: COMPOSITION OF E-GLASS         TABLE 3.2: COMPARISON OF   
                                                                                                    PROPERTIES OF GLASS FIBERS 
 
 
Typical Properties E-Glass S-Glass 
Density (g/cm3) 2.60 2.50 
Young's Modulus (GPa) 72 87 
Tensile Strength (GPa) 1.72 2.53 
Tensile Elongation (%) 2.4 2.9 
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3.2.2 EPOXY RESIN  
 
      Epoxy or poly-epoxide is a thermosetting epoxide polymer that cures (polymerizes and 
crosslinks) when mixed with a catalyzing agent or "hardener". Most common epoxy resins are 
produced from a reaction between epichlorohydrin and bisphenol-A. The applications for epoxy 
based materials are extensive and include coatings, adhesives and composite materials such as those 
using carbon fiber and fiberglass reinforcements, (although polyester, vinyl ester, and other 
thermosetting resins are also used for glass-reinforced plastic). The chemistry of epoxies and the 
range of commercially available variations allow cure polymers to be produced with a very broad 
range of properties. In general, epoxies are known for their excellent adhesion, chemical and heat 
resistance, good to excellent mechanical properties and very good electrical insulating properties, but 
almost any property can be modified (for example silver-filled epoxies with good electrical 
conductivity are widely available even though epoxies are typically electrically insulating). 
 
3.3 HYGROTHERMAL DIFFUSION 
 
Hygrothermal Diffusion usually takes place in presence of thermal and moisture gradients. In many cases 
water absorption obeys Fick’s 2nd Law and diffusion is driven by the moisture concentration gradient 
between the environment and material producing continuous absorption until saturation is reached. The 
atoms migrate from region of higher concentration to that of lower concentration. The rate of diffusion 
increases rapidly with the rise in temperature. The concentration gradient of moisture is developed due to 
the non-uniform distribution of moisture. The presence of imperfections and internal stresses also 
accelerates the process of diffusion. Epoxy resin absorbs water from the atmosphere from the surface layer 
reaching equilibrium with the surrounding environment very quickly followed by diffusion of water into 
all the material. The water absorbed is not usually in liquid form but consists of molecules or group of 
molecules linked by hydrogen bonds to the polymer. In addition water can be absorbed by capillary action 
along any crack which may be present or along the fiber-matrix interface. 
The Fickian diffusion process is influenced mainly by two factors: 
(a) The internal (fiber volume fraction and its orientation) 
(b) The external (relative humidity and temperature). 
 12  
 
3.3.1 Theory of Moisture Absorption: 
 
 Percentage moisture gain was determined as:  
 
              (Weight of treated specimen – Weight of dry specimen) 
%M =                            x 100  
                         (Weight of dry specimen) 
 
  
 
 
                                     Figure 3.1:  Moisture absorption Kinetics 
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Description of the different stages in moisture absorption kinetics: 
 
 Stage 1: Moisture absorption is Fickian. 
 Stage 2: There is a deviation from linearity with the time axis (reaching saturation, so 
decrease in slope). 
 Stage 3: Total non-Fickian pattern (there is a development of micro cracks which enable 
rapid moisture diffusion, so rapid increase in percentage of moisture). 
       
 Non-Fickian behaviour: 
Fickian behaviour is observed in the rubbery state of polymers but often fails to diffusion 
behaviour in glassy polymers. The deviation from Fickian behaviour occurs when:-  
(a) Cracks or delamination develops. 
(b) Moisture diffusion takes place along the fibre matrix interface. 
(c) Presence of voids in the matrix. 
The nature of diffusion behaviour whether Fickian or non Fickian depends on the relative rate at 
which the polymer structure and the moisture distributions change. When the diffusion rates are 
much slower than the rate of relaxation, the diffusion has to be Fickian. Non Fickian behaviour 
pertains to the situations when the relaxation processes progress at a rate comparable to the 
diffusion process. Hygrothermal diffusion in polymeric composites is mostly Fickian type, but 
non-Fickian behaviour is also common for glass/epoxy composite. Absorbed moisture in the 
composite certainly deteriorates the matrix dominated properties but he effect is more 
pronounced at higher temperatures and at lower strain rates. The ILSS values are the worst 
affected property due to this moisture absorption.  
 
3.3.2 Effect of moisture absorption on FRP’s properties: 
It is now well known that the exposure of polymeric composites in moist environments, under 
both normal and sub-zero conditions, leads to certain degradation of its mechanical properties which 
necessitates proper understanding of the correlation between the moist environment and the 
structural integrity. For their several significant advantages, the composites structures are fast 
gaining their popularity as an effective structural component over their metallic counterparts. It is 
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well known that there is a degradation of material property during its service life, as it is often 
subjected to environments with high temperature and humidity or having a sharp rise and fall of 
temperature (thermal spikes). The deterioration that occurs is FRP during the service life is in 
general, linked to the level of moisture that is absorbed. The absorption of moisture can be attributed 
largely to the affinity for moisture of specific functional groups of a highly polar nature in the cured 
resin. The absorption of moisture causes plasticization of the resin to occur with a concurrent 
swelling and lowering the glass transition temperature of the resin. This adversely affects the fiber-
matrix adhesion properties, resulting debonding at fiber/matrix interfaces, micro-cracking in the 
matrix, fiber fragmentations, continuous cracks and several other phenomena that actually degrades 
the mechanical property of the composites. 
 
3.4  Differential Scanning Calorimetry 
 Differential scanning calorimetry (DSC) is a technique for measuring the energy necessary to 
establish a nearly zero temperature difference between a substance and an inert reference ma-
terial, as the two specimens are subjected to identical temperature regimes in an environment 
heated or cooled at a controlled rate. There are two types of DSC systems in common use. In 
power-compensation DSC (Fig. 3.3) the temperatures of the sample and reference are controlled 
independently using separate, identical furnaces. The temperatures of the sample and reference 
are made identical by varying the power input to the two furnaces. In heat-flux DSC (Fig 3.4), 
the sample and reference are connected by a low-resistance heat-flow path (a metal disc). The 
assembly is enclosed in a single furnace. Enthalpy or heat capacity changes in the sample cause 
a difference in its temperature relative to the reference; the resulting heat flow is small 
compared with that in differential thermal analysis (DTA) because the sample and reference are 
in good thermal contact. The temperature difference is recorded and related to enthalpy change 
in the sample using calibration experiments. 
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Fig 3.2: Heat flux DSC.                                                        Fig .3.3: Power compensated DSC. 
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4. EXPERIMENTAL PROCEDURE 
 
Now we will focus on the experimental procedure carried out during the course of our project 
work. The steps carried by us were as follows:- 
 
1. Specimen Fabrication (Fabrication of FRP). 
• By Hand Lay-Up method. 
• Cutting of Laminates into samples of desired dimensions. 
      2. Hygrothermal treatment. 
      3. 3-Point Bend test. 
      4. Characterization using DSC. 
      5. SEM of fractured surface. 
 
4.1 FABRICATION OF FRP 
 
4.1.1 SAMPLE FABRICATION 
 
Sample fabrication was done using Hand Lay Up method. The method involved these following 
steps: 
 
1. A fiber ply was laid out over a releasing sheet on the table. 
2. A coating of epoxy resin was applied uniformly on top of the fiber. The resin was 
prepared in the following manner: 
The required weight of the resin was taken (such that the weight of the fibres to the weight of 
resin was 50:50). To this measured weight of the resin, hardner was added, such that the 
weight of the hardener was 10% of the total weight of the resin. The resulting mixture was 
properly stirred to ensure proper mixing. Addition of hardener is done to facilitate easy 
hardening of the composite laminate during curing. 
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3. The mixture was stirred properly before applying to the glass fibres. 
4. Rolling was done under uniform pressure, so that the resin properly penetrates the ply. A 
heavy roller was used for this purpose. 
5. Then the second fiber ply was laid over the first one, and again uniform coating of resin 
was applied, followed by proper rolling. 
6. The process was repeated till 16 fiber plies were laid , one over the other(with resin in 
between). 
7. Finally a releasing sheet was placed above the top ply. Releasing sheets are provided to 
ensure that the composite laminate does not stick to the table. 
8. A heavy weight (in the form of heavy iron slabs) was applied at the top of the laminate 
and it was left for curing for 24 hours. 
 
4.1.2 CUTTING OF LAMINATES INTO SAMPLES OF DESIRED DIMENSIONS 
 
A diamond cutter was used to cut each laminate into smaller pieces, each having dimensions 
of 45 mm x 6 mm and thickness same as that of the laminate. This was done in accordance 
with ASTM standards. 
 
 
 
 4.2 HYGROTHERMAL TREATMENT 
 
Hygrothermal treatment was carried out in HUMID CHAMBER. The 60 samples that were 
obtained were divided into 3 groups of 20 samples each. The first 20 samples are dry samples. 
The next 40 samples are subjected to hygrothermal treatment in humid chamber, where the 
temperature is maintained at 50 0C and humidity level is 95%. Out of the 40 samples, 20 samples 
are treated for 50 hours, while the rest 20 are treated for 100 hours. 
So we get 20 specimens each of dry, 50 hours hygrothermal treatment & 100 hours hygrothermal 
treatment. 
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4.3  3-POINT BEND TEST 
 
After hygrothermal treatment, all the three kind of samples-dry, 50 hours hygrothermally treated 
& 100 hours hygrothermally treated samples were subjected to 3-point bend test, 
until the layers delaminates. 
The testing was carried out by INSTRON-1195. It 
was done at crosshead velocities of 2mm/min, 
10mm/min, 50mm/min, 200mm/min and 
500mm/min. 
The Inter Laminar Shear Stress values were then 
calculated for each of the specimens as follows: 
                                                                                                     Figure 4.4: 3-Point Bend Test 
ILSS = 0.75 * P/ (W * T) 
 
Where P = Breaking load  
           W = Width of the specimen 
            T = Thickness of the specimen. 
 
 
4.4 CHARACTERIZATION USING DSC 
 
The samples of different hygrothermal treatment (Dry, 50 hours and 100 hours treated) were put 
into the Differential Scanning Calorimeter. In order to calibrate the heat flow signal, a blank run 
with an empty pan on the reference side, and an empty pan plus a lid on the sample side, was 
performed before the sample measurements. Standard aluminium pans were used. The sample 
mass was slightly more than 10 mg. We get a curve for heat flow versus time. We get the Glass 
Transition temperature from those curves for each of the specimens. 
 
4.5 SEM FRACTROGRAPHY 
Scanning electron microscopy (SEM) was carried out on the fractured surface of each kind of 
specimens (Dry, 50 hours and 100 hours treated). One focus was done on the matrix part and the 
other was done on the fiber part. 
 20  
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5.  RESULTS, DISCUSSIONS AND INTERPRETATIONS 
 
5.1 VARIATION OF MOISTURE CONTENT WITH TIME 
TABLE 5.1 DRY SAMPLE                                                             TABLE 5.2:     50 HOURS         
                                                                                                                  HYGROTHERMALLY        
                                                                                                                  TREATED SAMPLE                                  
                                                                                               
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SAMPL
E NO: 
INITIAL 
WEIGHT
(gm) 
FINAL 
WEIGHT
(gm) 
        % 
MOISTURE 
ABSORBED 
1 3.7632 3.7632 0 
2 4.3281 4.3281 0 
3 3.6738 3.6738 0 
4 4.3017 4.3017 0 
5 3.5323 3.5323 0 
6 3.5016 3.5016 0 
7 3.9112 3.9112 0 
8 3.0288 3.0288 0 
9 3.3892 3.3892 0 
10 3.9215 3.9215 0 
11 4.2998 4.2998 0 
12 3.5447 3.5447 0 
13 3.5243 3.5243 0 
14 4.3713 4.3713 0 
15 3.8762 3.8762 0 
16 3.3201 3.3201 0 
17 3.6752 3.6752 0 
18 3.5942 3.5942 0 
19 3.5594 3.5594 0 
20 3.6591 3.6591 0 
 
 
SAMPLE NO: 
INITIAL 
WEIGHT
(gm) 
FINAL 
WEIGHT
(gm) 
        % 
MOISTURE 
ABSORBED 
1 2.6657 2.6932 1.03 
2 2.9087 2.9408 1.10 
3 3.7362 3.7555 0.52 
4 3.4543 3.4893 1.01 
5 5.1186 5.1642 0.89 
6 3.2302 3.2624 1.00 
7 3.9903 4.0311 1.02 
8 3.3669 3.4031 1.08 
9 3.8369 3.8769 1.04 
10 3.6393 3.6784 1.07 
11 3.4853 3.5223 1.06 
12 3.8057 3.8484 1.12 
13 3.6389 3.6776 1.06 
14 4.1708 4.2158 1.08 
15 3.2235 3.2596 1.12 
16 3.8104 3.8492 1.02 
17 4.1904 4.2342 1.05 
18 4.5596 4.5985 0.85 
19 3.3641 3.3964 0.96 
20 3.6022 3.6417 1.10 
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100 HOURS HYGROTHERMALLY 
TREATED SAMPLE                                                  OVERALL COMPARISON 
      
      
 TABLE 5.4: OVERALL    
                                  COMPARISON 
 
 
 
       
 
 
 
 
 
 
 
 
 
 
 
 
TABLE 5.3: 100 HOURS HYGROTHERMALLY  
TREATED SAMPLE 
SAMPLE 
NO: 
INITIAL 
WEIGHT
(gm) 
FINAL 
WEIGHT
(gm) 
        % 
MOISTURE 
ABSORBED 
1 3.6120 3.6592 1.31 
2 4.2046 4.2474 1.02 
3 3.6762 3.7210 1.22 
4 3.8358 3.8815 1.19 
5 3.6614 3.7050 1.19 
6 3.6513 3.6934 1.18 
7 3.7266 3.7710 1.19 
8 3.6492 3.6933 1.21 
9 3.7408 3.7846 1.17 
10 3.8448 3.8910 1.20 
11 3.8582 3.9048 1.21 
12 3.0928 3.1292 1.18 
13 4.0574 4.1080 1.25 
14 3.7572 3.8021 1.19 
15 3.7585 3.8037 1.20 
16 3.5894 3.6329 1.21 
17 3.7496 3.7932 1.16 
18 3.5921 3.6304 1.07 
19 3.6923 3.7359 1.18 
20 3.1450 3.1828 1.20 
NO: HOURS OF 
HYGROTHERMAL 
TREATMENT 
AVERAGE % 
MOISTURE 
ABSORBED 
0 (DRY SAMPLE) 0 
50 1.009 
100 1.1865 
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FIG 5.1: VARIATION OF %MOISTURE WITH SQUARE ROOT OF TIME 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG 5.2: VARIATION OF %MOISTURE WITH TIME 
 
The initial rate of moisture absorption is high. The absorption nature is Fickian in nature (it 
obeys FICK’S second law). 
But gradually the absorption rate decreases as is evident from the decreasing slope of the curve. 
This happens due to saturation of the matrix. 
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5.2 EFFECT OF RATE OF LOADING ON ILSS 
Dry sample 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TABLE 5.5: DRY SAMPLE ILSS 
 
SPECIMEN 
NO: 
CROSSHEAD 
VELOCITY 
(mm/min) 
STRESS 
AT YIELD 
(kg/mm2) 
LOAD AT 
YIELD 
(kg) 
ILSS 
(kg/ mm2) 
Avg. ILSS 
(kg/ mm2) 
1 14.71 153.2 1.86 
2 16.81 181.2 2.06 
3 16.32 160.4 1.19 
4 
 
 
2 
13.85 168.1 1.86 
 
 
1.94 
5 17.18 152.8 2.12 
6 17.12 149.2 2.03 
7 17.69 165.1 2.12 
8 
 
 
10 
14.18 111.3 1.81 
 
 
2.02 
9 15.12 137.3 1.86 
10 19.01 186.5 2.32 
11 14.68 185.5 2.03 
12 
 
50 
12.29 108.6 1.45 
 
 
1.92 
13 16.74 141.8 1.92 
14 14.19 182.8 1.99 
15 17.78 171.0 2.13 
16 
 
 
200 
11.62 106.0 1.44 
 
 
1.87 
17 14.78 147.0 1.85 
18 14.34 143.4 1.78 
19 16.71 137.8 1.88 
20 
 
 
500 
11.36 118.8 1.45 
 
1.74 
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50 HOURS HYGROTHERMALLY TREATED SAMPLE. 
 
 
SPECIMEN 
NO: 
CROSSHEAD 
VELOCITY 
(mm/min) 
STRESS 
AT YIELD 
(kg/mm2) 
LOAD AT 
YIELD 
(kg) 
ILSS 
(kg/ mm2) 
Avg. ILSS 
(kg/ mm2) 
21 13.810 110.7 1.72 
22 14.910 147.1 1.84 
23 17.660 131.7 1.94 
24 
 
 
2 
9.390 174.2 1.48 
 
 
1.75 
25 14.460 124.9 1.71 
26 17.860 177.4 2.19 
27 9.737 114.4 1.38 
28 
 
 
10 
16.650 168.2 2.06 
 
 
1.84 
29 16.530 165.5 2.07 
30 16.860 146.6 2.01 
31 
 
50 
14.420 161.4 2.04 
 
2.04 
 
32 19.630 192.0 2.43 
33 8.937 110.1 1.23 
34 15.000 145.4 2.00 
35 
 
 
200 
17.630 183.3 2.23 
 
 
1.97 
36 15.830 158.8 1.92 
37 15.250 240.2 2.32 
38 6.505 71.19 0.85 
39 
 
 
        500 
12.940 136.2 1.68 
 
 
1.75 
 
 
TABLE 5.6: 50 HOURS SAMPLE ILSS 
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100 HOURS HYGROTHERMALLY TREATED SAMPLE. 
 
 
 
SPECIMEN 
NO: 
CROSSHEAD 
VELOCITY 
(mm/min) 
STRESS 
AT YIELD 
(kg/mm2) 
LOAD AT 
YIELD 
(kg) 
ILSS 
(kg/ mm2) 
Avg. ILSS 
(kg/ mm2) 
41 15.14 159.9 1.97 
42 12.85 178.9 1.88 
43 11.95 137.4 1.65 
44 
 
 
2 
15.25 156.3 1.92 
 
 
1.86 
45 18.33 182.0 2.27 
46 12.86 142.6 1.68 
47 15.46 162.5 1.95 
48 
 
 
10 
13.92 153.3 1.90 
 
 
1.95 
49 19.11 194.7 2.40 
50 18.76 178.8 2.27 
51 19.19 191.6 2.36 
52 
 
50 
 
 9.346 109.1 1.37 
 
 
2.10 
53 15.25 185.9 2.14 
54 16.34 165.9 2.02 
55 16.09 155.2 1.97 
56 
 
200 
 
         16.04 137.2 1.85 
 
 
2.00 
57 14.59 146.5 1.81 
58 13.57 108.6 1.46 
59 14.13 151.6 1.82 
60 
 
 
       500 
10.40 105.5 1.37 
 
 
1.62 
 
TABLE 5.7 100 HOURS SAMPLE ILSS 
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FIG 5.3: VARIATION OF ILSS WITH CROSSHEAD VELOCITY FOR DRY SAMPLE 
 
 
 
 
 
 
 
 
 
FIG 5.4: VARIATION OF ILSS FOR 50 Hrs TREATED SAMPLE 
 
 
 
 
 
 
 
 
 
 
FIG 5.5: VARIATION OF ILSS FOR 100 Hrs TREATED SAMPLE 
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 FRP composites consist of fiber and matrix.  The mechanical behavior or performance of the 
composite is determined by the local response of the fibre matrix.  
There is load transfer from fiber to fiber through the matrix. The region including the 
contact region between matrix & fibre and extending on both sides, and having some finite 
thickness called as interphase. The interphase possesses unique properties to the bulk matrix. It 
can include impurities unreacted polymers components, non polymerized additives etc. the 
thickness and properties of this interphase have crucial impact on the composite properties. Apart 
from allowing  the load transfer between  fibres through matrix ,interphase provides a match of 
chemical & thermal  compatibility between the constituents. 
If there is a thin rigid interphase , then the fracture resistance will be low, where as a 
thick low interphase will result in better fracture resistance , but a lower  composite stiffness. 
Epoxy resins and E-glass fibres are loading rate sensitive. The rate of loading has a 
definite say in the ILSS or mechanical properties. 
The curves were plotted to show the variation of ILSS with loading rate or crosshead 
velocity for dry sample, hygrothermally   treated sample of 50 hrs & 100 hours.  We see the 
nature of the curve is different at above       
50 mm/min and below 50 mm/min crosshead speed , the ILSS value is low for lower 
speed and increases with loading speed up to 50 mm/min. Then again it decreases beyond 50 
mm/min. 
 
This lower ILSS value at lower crosshead velocity or lower strain rate may be due to 
higher failure strain at lower strain rates.  So with increase in rate of loading upto 50 mm/min, 
the ILSS increases (deterioration decreases). 
At the lower values of rate of  loading or lower strain rate , more time is available for 
failure to take place ,which results in more  deterioration , causing the value of  ILSS to be 
lowered (more time available may cause the absorbed moisture to move through the cracked 
channel developed during testing ,thus causing further moisture –matrix interaction). With higher 
crosshead velocities (above 50 mm/min), the nature of the curve changes. Here very less time is 
available for take place (here it is more like an impact), and hence the matrix is unable to transfer 
the load properly, which leads to matrix cracking. 
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5.3 EFECT OF MOISTURE CONTENT ON ILSS  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
FIGURE 5.6: VARIATION OF ILSS WITH MOISTURE CONTENT 
 
The initial moisture level increases the ILSS values. The initial increase in ILSS value may be 
due to the relief of stresses in the resin, which are induced during curing cycle. There results 
swelling stresses from the expansion of the resin matrix by absorbed moisture. 
 The swelling stresses generated by moisture absorption are in opposite nature to the 
residual stresses arising out of the curing of the resin & cooling from the curing temperature. The 
ILSS value decreases with subsequent moisture absorption, because the glass transition 
temperature (Tg) of the resin is lowered due to moisture absorption. 
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5.4 EFFECT OF MOISTURE CONTENT ON Tg 
 
FIG 5.7: VARIATION OF  Tg FOR DRY SAMPLE 
 
 
 
 
FIG 5.8 : VARIATION OF Tg FOR 50 Hrs HYGROTHERMALLY TREATED SAMPLE 
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FIG 5.9: VARIATION OF Tg FOR 100 Hrs HYGROTHERMALLY TREATED SAMPLE 
 
 
 
 
 
 
NO: HOURS OF HYGROTHERMAL 
TREATMENT 
 
GLASS TRANSITION TEMPERATURE 
Tg(OC) 
 
0 (DRY SAMPLE) 70.34 
50 75.59 
100 78.07 
 
 
TABLE 5.8 :  Tg VS NO: HOURS OF HYGROTHERMAL TREATMENT 
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FIGURE 5.10 : VARIATION OF Tg WITH WITH MOISTURE CONTENT 
 
 
We see that with an increase in the number of hours of hygrothermal treatment, there is an 
increase in Tg. Here the number of hours of treatment given is low hours hygrothermal 
treatment. So in this case hydrolysis predominates plasticization. Due to hydrolysis there will be 
scission of polymer chains. There is breakage of covalent bonds and the absorbed water 
molecules form strong hydrogen bonds with the hydrophilic groups of the epoxy network. Water 
with double hydrogen bonds acts as a physical crosslink. Due to the formation of hydrogen 
bonds, there is an increase in Tg. 
The presence of water at the interphase causes the covalent chemical bonds between the silane 
coupling agents and the glass surface to transform into strong physical interactions via formation 
of hydrogen bonds between the glass surface , water molecules and network of silane coupling 
agents. 
The formation of hydrogen bonds may be represented as shown below: 
 
H-O-H + P1 (polar group) = H-O-H----- P1     (Single hydrogen bond) 
H-O-H + P2 (polar group) = H-O-H----- P2    (Single hydrogen bond) 
H-O-H-------P1 + H-O-H--------P2      =    P1------H-O-H------ P2      (Double hydrogen bond) 
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5.5 EFFECT OF Tg  ON MECHANICAL PROPERTIES 
  
Tg is of great importance in use of polymeric materials. It is used for evaluating the 
flexibility of a polymer molecule and the type of response the polymeric material would exhibit 
to mechanical stress. The Tg value of a polymer, therefore decides whether a polymer at the use 
temperature will behave like rubber or plastic. Polymers above their Tg   will    exhibit a delayed 
elastic response (viscoelasticity)  , while those above Tg  will exhibit dimensions stability. The 
knowledge of Tg
 
will give an idea about the correct processing temperature of the polymer. 
General commonsense prevails that higher the Tg   better the mechanical properties. 
 When we talk of effect of moisture absorption on Tg ,we generally talk about extremely 
high hour hgrothermal treatment ,because in real life ,the FRP structures are subjected to many 
many hours of moisture absorption ,and not for 50 0r 100 hours. 
 From our experimental point of view, we have done hygrothermal treatment for only 50 
& 100 hours. This is extremely low hour treatment. Here hydrolysis dominates, instead of 
plasticization. We see that hydrolysis increases   Tg   and also ILSS initially.  
 
Hence we are tempted to assume that there is enhancement of mechanical properties. But 
this is misleading, since this does not happen in case of engineered structures. In case of 
engineered structures, there is plasticization of matrix when there is moisture absorption for long 
hours. This plasticization goes on increasing as the number of hours goes on increasing; we 
know that plasticization leads to decrease in Tg and deterioration of matrix.  
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Chapter    6 
 
 
 
 
 
 
 
 
 
 
 
CONCLUSION 
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6. CONCLUSION 
 
Any composite material, when exposed to hygrothermal environment, always absorbs 
moisture, and this leads to deterioration of mechanical properties. The amount of moisture 
absorbed increases with increase in time of hygrothermal treatment. For low hours treatment—
Hydrolysis predominates, while for high hour treatment—plasticization predominates. 
As our’s is a low hour treatment, due to hydrolysis, there is hydrogen bond formation & 
this increases Tg. But if the time of exposure in the moist environment is high, plasticization 
occurs, which would lead to a decrease in Tg. 
 The ILSS values increase initially & then decreases with rate of loading & % moisture. 
The ILSS values first reach a maximum at the optimum loading rate of 50 mm/min and decreases 
on either side of it. 
Higher the Tg , better is the response of the material to the working conditions, and the 
material retains dimensional stability even at higher temperatures. Hence higher the Tg , better 
will be the mechanical properties. 
Also by focusing on the physical changes that take place at the interface, we can infer 
about the many causes for change or deterioration in the mechanical properties. The interface 
monitoring can give the relationship between % moisture absorbed   and the effect on the glass 
transition temperature. 
As there has been the use of sophisticated instruments in the process of gaining vital 
information about the interfacial changes, by further advancement in technology, we can solely 
focus on the physical and chemical changes taking place at the interface. 
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